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Introduction

19
The study of PV systems grew significantly in recent years more particularly in urban areas. PV systems can be 20 affected by several external factors such as shadows. PV arrays in shading conditions not only decrease the 21 produced energy [1] [2] but also increase the risk of structural failures with the apparition of localized hot-spot [3] . 22
A monitoring PV system gives accurate information about the behaviour of a PV plant more particurlarly in 23 shading conditions. With the measure of the maximum DC power of a PV array, it is easier to perform some fault 24 detection in real-time seeing the drop of the voltage and the current of the PV systems [4] . The development of 25 practical fault detection approaches in photovoltaic (PV) systems, intended for online implementation permits to 26 have a robust system and an important fault detection rate. In the study of Platon [5] , the fault detection approach 27 is based on the comparison between the measured and model prediction results of the ac power production. Chine 28
[6] presents an automatic fault detection method for grid-connected photovoltaic (GCPV) analyzing the ratio 29 between DC and AC power to identify some faults. Different types of faults are identified such as a fault in a 30 photovoltaic module, a fault in a photovoltaic string, a fault in an inverter, and a general fault that may include 31 partial shading, PV ageing, or MPPT error. The study of Serrano [7] shows a model using data mining techniques 32 to assess the state of the PV (photovoltaic) generator classifying its state thanks to an algorithm without measuring 33 ambient conditions. With the result of a 222 kWp CdTe PV case, it is shown that the application of computing 34 learning algorithms can improved the management and performance of the photovoltaic generators finding faults 35 during the PV performance. In the study of Silvestre [8] , a procedure for automatic supervision, fault detection, 36 and diagnosis of possible failure sources has been performed to minimize total or partial loss in the productivity 37 of grid connected PV systems. Other study used a procedure for fault diagnosis in PV systems with distributed 38 maximum power point tracking at module level-power optimizers (DC/DC) or micro-inverters (DC/AC) [9] . The 39 work of Madeti [10] presents a new fault detection and diagnosis technique for solar photovoltaic (PV) systems 40 operating under grid-tied and off-grid modes using local measurements and model predictive. 41
But it is important to minimize the use of DC or AC parameters such as predictive value of a PV systems for the 42 fault detection in order to avoid the increase the cost and the complexity of the system. The fault detection in real 43 time takes its advantage minimizing parameters. 44
The second aspect treats the presence of the partial shading which affects drastically the efficiency of the PV 45 modules such as the presence of hot-spot. 46
A hot-spot refers to the portion of the cell with a higher temperature increase. In the study of Kim [11] , it is shown 47 that the hot-spot phenomena can lead to second breakdown or cell encapsulant damage although the activation of 48 bypass diodes. An IR camera test proved a temperature increase of localized shaded PV cells in the study of 49
Bressan [12] . Various simulation and experimental studies have shown the problem of modeling the thermal 50 behavior of PV cells in hot-spot condition. In the study of Wang [13] , five different connection configuration of 51 PV cells have been studied to compare their performance under partial shading. In the same conditions of partial 52
shading, a methodology of simulation is proposed optimizing the bypass diodes configuration to prevent hot-spot3 apparition in PV modules [14] . In the study of Daliento [15] , an improved bypass approach based on a power 54 mosfet and a diode has been proposed to reduce the hot-spot temperature in a presence of partial shading. To avoid 55 the permanent damage of the shaded PV cells, the works of Rossi [16] proposed a hystérisis comparator to detect 56 hot-spot apparation and validated in SPICE simulations. There exist other methods able to detect hot-spot, soiling 57 and aging degradation [17] [18] [19] . A tool for the evaluation of I-V characteristics and energy yield of PV systems has 58 been performed taking into account the sun position and the shading patterns [20] . This work can be solved through 59 the optimized engines of commercial simulators (Matlab, PSPICE) with very low computation time in comparison 60 to analogous numerical methods. 61
These studies show the importancy to develop real-time simulation methods for complex shaded PV systems and 62 fault detection method to avoid all form of localized hot-spot. 63 PV emulators have been proposed in several studies to reproduce the shaded PV behavior using approaches from 64 analog circuit [21] . The emulator approach is a real challenge to study the high non-linearity and the complexity 65 of PV systems in partial shading. Moreover, the supervision and the real-time fault detection play an important 66 part in this challenge. 67
In this paper, a methodology to emulate in real-time partially shaded PV systems is presented taking into account The papers is organized as the following, section 2 presents the theoretical model for PV modules in normal and 79 complex shading conditions. Section 3 presents the hot-spot prevention method allowing to separate the non-80 uniform shadow of a uniform. The simulation and experimentals results are discussed in the last section. 81 
PV system and hot-spot condition
Where Iph is the photocurrent (A), I0 is the dark saturation current (A), n is the ideality factor of the diode (1 to 2) 110 , k is the Boltzmann constant (1.38 10 -23 J/°K), q is the magnitude of the electron charge (1.602 10 -19 C), T is the t 111 emperature of the cell (°K), Rs is the series resistance, Rsh the shunt resistance. 112
However, most of the models in literature do not take into account the effect of the reverse bias. A more precise 113 model is proposed by Bishop [26] which incorporates the avalanche effect as a non-linear multiplication factor 114 that affects the shunt resistance current term, shown below: 115 schematic section of a partially shaded PV cell. Electron-hole pairs are generated when photons arrive at the p-n 148 junction in the illuminated area. As a result, a photogenerated current ℎ is produced. In contrast, fewer photons 149 can arrive at the p-n junction in the shaded area; and thus, a lower photogenerated curren ℎ is produced. 150 
Using the current density definition J= I/A and the relation ℎ = ℎ , the photogenerated current ℎ becomes 154 : 155
Given that + = 1 and + = 1, 157
And on defining the shadow coefficient as : 158
The obtained photogenerated current is 159
Where ℎ is the photogenerated current for completely illuminated conditions: 160
The Equation (2) becomes : 161 shown in Fig. 4 . This test uses polycrystalline PV modules TE2200 shown in Table 1 . 169 where , the black pixels and , the white pixels of the cell area. 179
The next step is to calculate the lowest shadow coefficient (Equation (12) and the shading factor (Equation 180
(13). ℎ is calculated using the Equation (9), and is measured at the first divergence-current point in the I-181 V curve representing the bypass activation shown in Fig. 3 . Table 4 illustrate the model accuracy. Therefore, the proposed model is suitable for describing the 224 current-voltage behavior of partially shaded PV modules. 225
The results of the experiments show that the shadow coefficient δ is directly affected by changes in the I-V curve. 227
The PV cell with the lowest value of δ in the PV module causes the lowest divergence-current point in the I-V 228 curve. For instance, the first divergence point in the I-V curve is caused by cell 6.7 of group 3 for Case 1 of the 229 monocrystalline PV module TE2200. In Case 2, the lowest point in the I-V curve is caused by cell C5.10. 230 231 The proposed partially model shows the importancy to develop a hot-spot prevention in order to avoid all 234 temperature increase. The next section presents the two cases of studies with the I-V curves in complex shading 235 conditions. For each case, the evolution of the standard error will be analyzed to extract a general set of 236 interpretation rules which will permit to identify problems of hot-spot. This method shows the area of fault 237 detection that characterizes the presence of a non-uniform shadow on PV array, affecting drastically the PV proposed model and the hot-spot algorithm has been designed using the very high-speed description language 274 (VHDL) and implemented on Xilinx ZedBoard. Using different parts of the FPGA structure, the functional blocks 275 of FPGA such as memory and logic resources work in parallel with very high frequency offering high execution 276 speed. On the first hand, it is necessary to reduce the execution speed consuming less FPGA hardware resources. 277
On the second hand, insufficient number of bits uses can affect the whole system in precision reduction and 278 calculation errors. 279 The next step of the work is to implement the hot-spot prevention method in the zedboard. Fig. 7 shows the VHDL 290 flowchart of the presented method of hot-spot prevention.
Step 1 consists to calculate the maximum value of the 291 difference between the reference current and the shaded current. The emulator gives 256 points of I-V curves 292 measurements as the I-V tracer Mp-160. The execution time of this step is 2.77μs which depends on the execution 293 time of the used FPGA board, in this case 10ns.
Step 2 uses the Equation (15) in order to know the normalize error 294 of the both current. The execution time of this part is 2.53μs. The different value is stored in the ROM memory in 295 order to perform the Equation (16) calculation.
Step 3 allows to start the hot-spot prevention calculating. The 296 response time of the hot-spot prevention is approximatively 7.54μs as shown in Fig. 8 and Fig. 9 . As a result, the 297 total response time to obtain the I-V curves and to perform the hot-spot prevention is 18μs. 298 Step 1
Step 2
Step 3 
Conclusions
336
The shading effect on PV module is one of the main causes of inefficiency and degradation of PV modules losses. 337
A partially shaded PV cell enters the hotspot condition faster than a fully shaded PV cell. It is important to develop 338 accurate and faster tools as an emulator to avoid all form of hot-spot appartition. This paper presents a methodology 339 for modeling complex partially shaded PV modules and a hot-spot prevention method. The proposed approach 340 defined a simplified relation using a shadow coefficient δ that is suitable for describing the relation between the 341 non-linearity and the complexity of PV systems in partial shading with a hot-spot prevention. The faster total time 343 response of the emulator responds to the demand and to the optimization of power transistors which permit to get 344 greater-high efficiency, high power density and to achieve higher switching frequency. The first perspective work 345 is to investigate the development of a real-time monitoring system able to obtain I-V curves without perturbing 346 PV production in order to connect the FPGA emulator. The second step is to develop the fault detection to avoid 347 the apparitions of hot spot. An active fault tolerant control is one of the fault detection method allowing to detect 348 the positive peak, the area of detection and the part of the non-uniform shadow characterizing the appartition of a 349 hot-spot. 350
